A 1wt%Pt/Co 3 O 4 /CeO 2 -ZrO 2 -SnO 2 /γ-Al 2 O 3 catalyst was prepared to realize complete combustion of toluene at the lowest temperature possible without excessive use of platinum particles. The addition of Co 3 O 4 to Pt/CeO 2 -ZrO 2 -SnO 2 /γ-Al 2 O 3 as a promoter was effective in decreasing the amount of platinum without significant reduction in the catalytic activity. The highest activity for the combustion of toluene was observed using the 1wt%Pt/11wt%Co 3 O 4 /16wt%Ce 0.62 Zr 0.20 Sn 0.18 O 2.0 /γ-Al 2 O 3 catalyst, and despite a smaller platinum loading in the present catalyst, toluene was completely oxidized to carbon dioxide and water vapor at a lower temperature of 160 o C compared to that using 5wt%Pt/γ-Al 2 O 3 at 170 o C.
Introduction
Some examples of volatile organic compounds (VOCs) are aldehydes, ketones, and other light weight hydrocarbons. Since they have relatively high vapor pressures under ambient conditions, they vaporize and diffuse easily into the atmosphere. Some VOCs are harmful to human health and the environment. They have been known to cause sick building syndrome, multiple chemical sensitivity, and air pollution such as photo-chemical smog and ground-level ozone (Atkinson et al., 2003; Ryerson et al., 2001 ).
Among the VOCs, toluene is widely used as an organic solvent for paints, printing inks, adhesives, and antiseptics due to its excellent ability to dissolve organic substances. Conseuently, in order to avoid the above-mentioned harmful effects, it is necessary to reduce the amount of toluene released into the atmosphere as much as possible.
For effective reduction, several methods have been proposed such as catalytic combustion (Sungkono et al., 1997) , flame combustion (Hamins et al., 1987) , catalytic decomposition using ozone and plasma (Harling et al., 2009) , photocatalytic decomposition (Einaga et al., 2002) , and the adsorbent-based method (Hauxell et al., 1968) . Among these methods, complete catalytic combustion of toluene into carbon dioxide and water vapor at moderate temperatures is an ecologically simple and clean technology to eliminate toluene (Spivey, 1987) . A number of combustion catalysts for the reduction of toluene have been reported. However, it is difficult to accomplish complete combustion of toluene at low temperatures. Moreover, the catalyst needs to be heated to at least 200 °C (Imanaka et al., 2011; Saqer et al., 2009) .
To realize such advanced catalysts, we focused on cobalt oxide (Co 3 O 4 ) as a promoter to facilitate the oxidation of toluene without excessive use of platinum, since Co 3 O 4 was reported to have the highest catalytic activity for VOCs oxidation among several transition metal oxides investigated (Chianelli et al., 2009; Lamonier et al., 2007; Liotta et al., 2009; Pedrosa et al., 2003; Rybak et al., 2011; Wyrwalski et al., 2010) . In this study, the amount of platinum was decreased to 1wt% and Co 3 O 4 was employed as a promoter: 1wt%Pt/11wt%Co 3 O 4 /16wt% CeO 2 -ZrO 2 -SnO 2 /γ-Al 2 O 3 catalysts were prepared and the effect of Co 3 O 4 on the activity of toluene oxidation was investigated. Furthermore, the catalyst composition was optimized to give the highest activity. and a 5wt%Pt/γ-Al 2 O 3 catalyst were also prepared using the same procedure.
Experimental
The sample compositions were analyzed using an X-ray fluorescence spectrometer (XRF; Rigaku, ZSX-100e). The crystal structures of the catalysts were identified by X-ray powder diffraction (XRD; Rigaku, SmartLab) using Cu-K radiation (40 kV, 30 mA). The Brunauer-Emmett-Teller (BET) specific surface area was measured by nitrogen adsorption at −196 °C and pore size distribution (PSD) plots were obtained by Barrett-Joyner-Halenda (BJH) method using the cylindrical pore model (Micromeritics Tristar 3000). X-ray photoelectron spectroscopy (XPS; ULVAC 5500MT) measurement was performed at room temperature using Mg-Kα radiation (1253.6 eV). The effect of charging on the binding energies was corrected with respect to the C 1s peak at 284.6 eV. Transmission electron microscopic images were also taken with an accelerating voltage of 200 kV (TEM; Hitachi H-800). Temperature programmed reduction (TPR) measurements were carried out under a flow of pure H 2 (80 mL min -1 ) at a heating rate of 5 K min -1 using a gas chromatograph with a thermal conductivity detector (TCD; Shimadzu GC-8AIT). Following the TPR experiments, the total oxygen storage capacity (OSC) was measured using a pulse-injection method at 427 °C (700 K).
The oxidation activity for toluene was tested in a conventional fixed-bed flow reactor consisting of a 10-mm-diameter quartz glass tube. The feed gas was composed of 0.09 vol% toluene in an air balance and the rate was 20 mL min -1 over 0.1 g of the catalyst [space velocity (S.V.) = 12,000 L kg
Prior to the measurements, the catalyst was heated at 200 °C for 2 h in a flow of Ar (20 mL min −1 ) to remove water molecules adsorbed on the surface of the catalyst. The catalytic activity was evaluated in terms of toluene conversion. The gas composition after the reaction was analyzed using a gas chromatograph with a flame ionization detector (FID; Shimadzu GC-8AIF) and a gas chromatograph-mass spectrometer (GC-Mass; Shimadzu GCMS-QP2010 Plus). Figure 2 depicts temperature dependencies of toluene oxidation over the 7Co/CZS/Al 2 O 3 , 11Co/CZS/Al 2 O 3 , and 15Co/CZS/Al 2 O 3 catalysts. Toluene was completely oxidized into CO 2 and water vapor, and no CO and toluene-derived compounds were detected as by-products with a gas chromatograph. The toluene oxidation activity depends on the catalyst composition, and the highest activity was obtained for 11Co/CZS/Al 2 O 3 . However, the activity decreased with increasing Co 3 O 4 content beyond the optimum amount, probably due to Co 3 O 4 agglomeration and particle growth. Toluene oxidation activity of the optimum 11Co/CZS/Al 2 O 3 catalyst was initially observed at 100 °C, and complete oxidation of toluene was confirmed at 300 °C. Unfortunately, this temperature was higher than that of 10wt%Pt/16wt%Ce 0.68 Zr 0.17 Sn 0.15 O 2.00 /-Al 2 O 3 (110 °C) previously reported by our group (Yasuda et al., 2012) . Therefore, to increase the catalytic activity of 11Co/CZS/Al 2 O 3 , a small amount of platinum (1wt%) was additionally supported on the surface of the catalyst. , and γ-Al 2 O 3 were observed in the XRD patterns and no peaks corresponding to platinum appeared probably due to the small platinum particles that are highly dispersed on the surface of the catalysts. The bright and dark field TEM images of 1Pt/11Co/CZS/Al 2 O 3 and 1Pt/CZS/Al 2 O 3 are depicted in Figure 4 . As shown by these photographs, there is no clear difference in the size and dispersion state of platinum particles in these catalysts, which are recognized as bright spots in the dark field images in Figures 4(b) and (d). The particle size of platinum was estimated using these spots and it was confirmed to be smaller than 5 nm for both catalysts. Furthermore, it is also found that Co 3 O 4 is present as needle crystals by comparing the bright field image of 1Pt/11Co/CZS/Al 2 O 3 with that of 1Pt/CZS/Al 2 O 3 . BET specific surface areas of 1Pt/CZS/Al 2 O 3 and 1Pt/11Co/CZS/Al 2 O 3 are also listed in Table 1 . The surface area of the latter is smaller than that of the former, which might be as a result of the Co 3 O 4 deposition in the pore of CZS/Al 2 O 3 , as mentioned above. Figure 7 . Unfortunately, the oxidation activity was not improved. Therefore, the calcination temperature of 500 °C is appropriate for the supported platinum catalyst. Figure 8 . In the case of CZS/Al 2 O 3 , the oxygen release peak was observed at 92 °C, while the peak appeared at a lower temperature of 78 °C for 11Co/CZS/Al 2 O 3 . Accordingly, the introduction of Co 3 O 4 on the CZS/Al 2 O 3 support was remarkably effective in enhancing the oxygen supply capability at low temperatures. Furthermore, the total oxygen storage capacity of 11Co/CZS/Al 2 O 3 was 388 μmol O 2 g −1 , which was 2.5 times larger than that of CZS/Al 2 O 3 (140 μmol O 2 g −1 ). The increase in the oxygen release and storage abilities was due to the synergistic effects of three redox couples of Ce 4+ /Ce 3+ , Sn 4+ /Sn 2+ , and Co 3+ /Co 2+ , whereby the toluene oxidation was facilitated. As a result, the introduction of Co 3 O 4 as a promoter was highly effective in enhancing the catalytic activity. Figure 9 . From Figures 9(a) and (b), it is evident that cerium exists both in the trivalent and tetravalent states (Beche et al., 2008; Ma et al., 2009) , while tin remains in the tetravalent state and no peaks of the Sn 2+ species are observed (Kover et al., 1995; Yasuda et al., 2012) . In the case of cobalt, the Co 2p peaks in Figure 9 (c) are deconvoluted into five peaks. The Co 2p 3/2 and 2p 3/2 peaks can be attributed to the divalent (Co 2+ : 780.8 and 796.3 eV) and trivalent (Co 3+ : 779.5 and 794.5 eV) oxidation states, and the broad one at 786.0 eV corresponds to a satellite peak of Co 2+ (Liotta et al., 2006; Xiao et al., 2008) . These are the typical results for Co 3 O 4 (Liotta et al., 2009 ). The Pt 4f peaks are shown in Figure 9 (d). Although the Pt 4f 5/2 peak at 74.4 eV overlaps that of Al 2p in the present case, the small Pt 4f 7/2 peak is clearly observed at 70.9 eV, which can be attributed to the metallic platinum (Pt 0 ) (Zhang et al., 2003) . 
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